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/' ABSTRACT

Radio-echo studiesof the lunar surfacein the wavelength range 3 meters to 10cm
indicate that the surface is smooth and undulating for the most part, with an
average surface gradient of the order of one in ten. Photometric studies of the
brightness distribution over the moon's disk, on the other hand, demonstrate the
existenceof microstructure which causes the surfaceto appear very rough at these
much shorter wavelengths. This report describes radio-echo measurements of the
reflection properties of the moon at a wavelength of 3.6cm. The results show
that the surface appears a good deal rougher at 3.6cm than at meter waveler:0i+ .
Some 30 per cent of the reflected power is returned from scatterers that are uni-
formly distributed over the surface. The remainder is reflected from a region at
the center of the visible disk which has a radius of about half the lunar radius.
In this region, the surface appears to be describable by means of a Gaussian
spatial autocorrelation function with a mean surface gradient of one in three.
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RADIO-ECHO OBSERVATIONS

OF THE MOON AT 3.6-CM WAVELENGTH

1. INTRODUCTION

i{adiL(-crhi obil)5t'\tiiS loll ohe 1 iuric llol e 1 been hirclade dinig tile past dccae a t waivilct;L.:01s

1.hkt z-:1 1g,-I btxt'#rr tt I'S aInd i I- it i I Itt f.I--,. 'I'l is worki Ir~ beenIIt skriI IIa r iz i I Irdd i s I eIsI .(,

both~ ~~iu hV Evan I) s arId I 'et tIi 1 Ihle principal results are' that the l1unar1 smirat.'

sea ttt' 1s rai wave ;?'In a list inctlY udifferenrt way from tilt mia .un'r ill 'whichr it secrtte rs light. At

raioitl waivtiiiigths mlost of thle e'nergy is reflected frorrn a snm'l region ait th e nter. of tilt' vlsihlt.

d ~k wh'r' sat optical wavelenigths (at full Ill0011) thet sui'fae e appears almo ist un1-iforlv1 hri ght.*

iiI'nr'itieal studies 5,6 tlte scattering 11CIreelinsm indicate that thre radio observations ,),IV

111' int errit'rl- as.- showing that tilte lurra r surface i; lar1gel" sil it (to tihe order of a few cf'rrti-
filleters) .1unl undulating, with aver'1age' suifac' gradienlt., of the order of onet in tell. Th'ie aulto-

cor're lat ion furnet ion, which d s' r ibes how tilt' height of thle true surfac e deparits frorm a smoiothr

spire re as a fumncti on of di stance measu red over tile' sphiere. ap pears to hei e'xponernt ialI in chlar-

:1, ter anrd is ce rIta inlv not Gauss ian. Simlilar exponential auto 'orrla t~on furrc tiorns hav'e been

found to describev 11as'1 types of terrain Onl Earth.7

F~romi photornetr~c studies of the moon, Mlinnaert 8concludes that thle surface "is appari'rrtlv

allas~llllyif closely packcd holes of all siZL 5 superlposed arnd juxtaposed, vxcavatedill dark

nra ,terial ." The way in wichi tire surface reflects, will be largely indeprendernt of tire size of these

holes, provided that threir dim enisions are much lar'ger than those of the incident exploring wave,

'T'hus tile photometric studies of tire moon yield informnation only about the mnic r'otructur'( of tire

surface (pe r'haps having a scale size mea sur'ed in frac tiorns of a ni ill in ''orl am ri rI.- r'ad in -trh

obhservationrs are sensitive only to structur'es having scale sizes inl thle r'ange mlany tells of wave-

lengths to sortir fraction (.- 0.25) of a wavelength.

Radiar observations of thle moon at a wavelength of 3 cm have been reported by Kohrirr. 9 At

tilr' present tinre no measurements have been made at a shorter wavelenrgth.* H owever, 1Roiirir

empriloyed a low-powen' (XV bistatic radar, and was unab~le to dietermin e the ibrightness ulistrilur-

tiori across thet suirfac e. The shor'test wavelength at which tile brightniess, ii str'ibrrtion hras bere'n

mieasured is 10 cm (H ughes 0). Tlherefore, there is a consiuder'able irnter'val between thet shror'test

wavelength at whirich r'acar observations have been made (and conse'quently the smallest structur'e

sit'encounrter'ed) and tire lar'gest Stn'UCtUre sizes exaMined (per'haps -10 )atoiclwe-

lengths by mecans of pirotoniet ic observations. Although it wouild scem doubtful that this gap in

otr knowledge will ever be completely removed by ineans of earth-based obsen'vat ionrs - in View

of thet strong atillosphcn'ic absorption at these irntermiediate wavelengths - the radio obrser'vations

can be conducted at still shorter wavelengths than so far employed. As tire wavelenrgth is r'educed,

*To the best knowledge of this author.
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A. The Antenna

']II)Iar .cquiprilt .. (1 CaI:1i Pari' las at a tllqut-licy o" Si; t' \ps(ie pr in l

A.\ t I I- w )\)t I t1w lwe ml ho Ii, ani a iki v d 1;111 1to'I, of 11 1 . A im l ilv-. porol-I.-t- wave.

is tiIallsiii itt.')! and1 recl-iveg 1'. hY5 lisg a horn1 as thet priimivY t-d with a(se.rnjr optical sv\S-

to-ill. Thli rotaltioni of Ot- plant' o0 polariz'ation itiodticerl hY Illo lrndav e-ffct ill ti. iv:Irthiis

i(1051)1tr-4. Is-, at all tinics, b'ss thanl, and canl be ignorIed.

The lparaboloidl is steiitd ill azimlith and 1lcvatiofl tither 1wv metans 0!1 mniai con!trol-, or

bY iii -arts o; a diig ital electronic 'ontrol systenI whlose input is4 a mnne 11(1d pap~er ta ju'. lT11 tapw

5st-ifics liii r-t-uiir'd position of thl. antiinia atI, 1-11inute inltivals anld the ratlis W, ni Oto tO 4'

tollowvd lutwet-1 tht-st. intervals. It is tiorlv11 lprepiaredl in such aIaie that 11w( tebtscope.

Will ri1ver- I)(' Callet UJpol. ') revOIse its directioni of inotiOn (over short intervals oit lime). TIhus

i geno4 'al. the ax is of the tt'iCscolt. Will Iag sent ewhait behindi the t rile position of thle cot!er of

tilt, rIoorr. The extent o[, this (.1--01 is iletermtinlen hv the quantization of 1te levels which specify

tlr. r.:Its of angular motion and, in the worst case, cart calls) a misplaeerritit of thcn ais of the

hieain and the ceniter of the iltteln of oetnhbeamlwidth (0.01-l'). Such art1 eriel rn-1-ii'S oly

toward the end of a t -m 1initt Iiitel'val When, by chance, thet d ifference hetween till desi rio am!

applied! rates of mtotioni is at its nmaxinmum.

III view of the smiall angular ex\tenIt of the antenna beaml ((I.1Il") in coittpa rison w ilth the( alngnia r

dia in ter '13 tilte moon0 (- 0.5 ) , larigo, correct ions folr the effect of the beam nturst he a 1))1('Iv to thle

rstsin ''rder to deteri inc tile brightness istiihiitiort across the 1ttoon. Tlw;- r''" ( oc tiorts

Will he dIi scussed fully later.

B. The Trnnsmitter

Thev tra nsm iter emp~loyedl in these experimenuts radli ates a coltet'ent signal obtained by fre -

(hIlIency multiplication from a c rystal standard (Operating at a frequency in the vie irity of I MehisI

The final am plifier is a klvstron which hias a riom inal Output of Z 5 kw CWV, although in these (5 -

pevrintns the peak output was only 11. kw. 'he k1ystro n amip]ifier re~qiires a drive signal of
ahrI watts Which is obtained from a traveling-wave -tube dlevire. In Order to tnminimize wave -

guide losses, the klystrori amplifier is mounted in a room directly beneath thle reflectling sunrface

of thw parabola, so that only about 10 feet. Of waveguide ar r'equ) 0ired to condhuct thn. t nariki tt.'d

enlergy to the primaryv feed. The feed hiorn projcts through tihe rt-flect ing surface arnd is iiir ctvn

toward the secondary mni rror which is supported by. a tripod. The hiigh -voltage pow er su pply for

the ki vst r'or, the controls for the latter, thle water cooling, taguiet and heater srrppl irs airt allI

In iii' rma in bild inrg; hience, a large numrber of cables are required to cornn'r I the ki ''51rolr to its

5)rpplies.
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C. The Rleceiver

Iii-~ ~~t %v~~-IL I 'hiicl tilt, I~i-- Vt,- is tUIil- is niiii:iuiiitd eictIV oq('2] to) fhu Ivllsillitl.1.

!v' f llt IrVY eliIIII(v1ilI" ks5 loc.1l 051liliiatol's the sallte clVVstal Bsiltitol's that wov ts'U5-

to i thic tTtl~it-2~i~lh his~11 ILelei is shIownt ill Ih-ig. I. At's-]n-ac asr

is1p iLhcL'.-ih a~s first stac ill tlhc Ic-ee ivt-i, followed hY ;I eo-0ItIti0IZII l e1,StZII-diod' IIin0 ierToId

ph.,-iIllilic. 'Ihle ehI'ItItiye IIlio tt'Ii Iriitili- of tilt IItIsel'-nti i-eI* it'cltI was iinetsilieed to I)(-

a:Ilw\ ilI.t1I-] 0 10K.

KLYSTRN : FTRAVELING
kLSTON~ T R BOX SCERRI T E -WAVE

VA 849 R35O B30 SWITCH 83ss MSE

MASc

~ MIXER
*150'1290 M,

I c O~v

PRE AMP

L - ANTENNA HUT S~P

TRAVELING

TUBE O21 MLIFIER

9350 M,~ f i mco

EXCITER FLIP1E 1.0I3RA2F0
AND - B'D MULIPIE CA-1MI~

MIXER It80 X SCLLATOR E~O

FILTER APa;p
00.6009m~o 

47 
0 '

E, 6IS~c OSILL AT OR
(-13 09M,0

ITE R MPFILTER

-13- 06T1L 09 -AMIE

OSCILLATO

TRAMT 
RECEIVE

-UE PLETO DISP6AYS L -F

20 PIJLSES/SEC 8 NEGAORAPLFN

Fig. I . The frequency control system of the Camp Parks
(Project West Ford) radar.
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To protect the maser from the strong signal put out by the transmitter, a combination of

switches is used. The first switch is an electromechanical one and is indicated in Fig. t as the

TR box. This device comprises a rotatingdisk which penetrates the waveguidebetween two 3-db
couplers. The disk reflects the transmitter into a matched load during its OFF period and a

hole in the disk connects the transmitter to the antenna during the ON period. The same disk re-

flects the antenna power into the receiver arm during the receive period. A further pair of 3-db

couplers, together with a second disk, is placed in the receiver arm. Both disks are mounted

on the same shaft and this is driven synchronously at 20 cps (the prf). This second pair of 3,db
couplers and disk serves to connect the receiver to a matched load during transmit periods, and

also reflects any power from the transmitter which has leaked through the first disk into a

matched load. A large slot is cut in the second disk so that the receiver is connected to the an-

tenna for most of the time.

The second switch is a conventional ferrite switch that operates by the Faraday rotation of

the plane of polarization of the w ve. The magnetic field for the switch is provided by a solenoid

which is turned on during the required receive period. These protective devices introduce a

large amount of unwanted attenuation between the feed horn and the maser, even though the latter

(like the transmitter klystron) Is mounted in the antenna hut, it was estimated at the time of

these observations that the losses in the waveguide raised the effective receiver temperature by
60 ° to a total of 100K The sky temperature (together with "spill-over") raised the over-all sys-

tem temperature to 120' * I0K. When the antenna was directed toward the moon, however, the

over-all system temperature was higher by at least another t00K.

There are no reliable reports of any variation of the brightness temperature of the moon with

phase at this wavelengtht At present there is a wide variation in the published values of the lu-
nar temperature, but it would appear that the tempernture is of the order of 245' * 20'K (Ref, 11).
ilencei it is concluded that, when the antenna is directed toward the center of the moon, the sys-

tem temperature is 225' * 20"K, assuming an antenna efficiency of 50 per cent.

For an echo reflected from a stationary point target, the output of the last mixer stage in

the receiver will be a signal whose frequency varies linearly from 60 to 90 kcps over an interval

of 300 asec. A target which is extended in range may be considered as a succession of point tar-
gets, and hence gives rise to a complex reflected signal which is a superposition of many indi-

vidual "chirps." The received "chirp" is applied to a "receive" filter whose impulse response
is approximately the Fourier transform of that of the "transmit" filter. The "receive" filter,

thwreforr, causes delays in the frequency components of the "chirp" which decrease with increas-

ing frequency, thereby causing the 60-kcps component to be delayed the most. The pulse is

therefore compressed, and the output of the filter is a pulse only 30itsec long. The over-all
system may be thought of as a 30-iLsec pulsed radar that has an equivalent peak power ten times
that actually radiated. In practice, small amounts of power are contained in subsidiary 30-psec

pulses that precede and follow the main one. The multipath properties of the moon can cause these
"sidclobs" to interfere with the main pulse from a given range and degrade the performance of

thc radar. In this instance, all the "sidelobvs" are about .0db weaker than the main pulse and
their presence has bee| neglected in this report. Finally, a linear (voltage) detector is em-

ploy'd at the output of the "rcc'ive" filter and the detected signal is both displaye(d and fed to
all amplitude-vs-range integration system.

4
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The design, construction and operation of the radar equipment described above was under-

taken principally for Project West Ford, and at no time dIJ this author contribute in ally w~y to

tthis effort.

D. The Integrator

Radar signals reflected from the moon are subject to deep fading as a consequence of the

interference between the signals reflected from many independent scattering centers on the sur-

face. The frequency of the fading is a function of (1) the apparent rate of libration of the moon,

(Z) the radar wavelength and (3) range measured from the leading edge of the moon. At a fre-

quency of 8000 Mcps the fading is quite rapid, having a quasi-period of the order of 0.1 second.

In order to make precise measurements of the echo power as a function of range, it is nec-

essary to ave rage over many sweeps of the radar time base. This was accomplished in An an-

alogue integrating system which employs a total of 36 integrators, each identical to that shown

in Fig. 2. I' ach integrator is formed by a resistor R, a condenser C and a "chopper-stabilized"

DC amplifier which jointly form a Miller circuit. The DC amplifier has a gain of approximately

to8 and Is carefully constructed so that, when used in conjunction with a low-leakage mylar con-

denser (C), a self-time-constant of the order of several hours is achieved, Since the integration

was never continued for periods greater than 10 minutes, it is believed that the largest errors

in the summation process arose from "difte" rather than from leakage of stored energy,

itto

F.g. 2.C0 Ah Flatt!wIneroa irut

c aso according to

o, NIN '
'JOVOL.,

0 10

INPUTI
F19. 2. Th postldecto'r Intogralm eirevt,

The signal to each Miller Integrator is gated through a switch formed by four diodes in a

bridge circuit (Fig. 2). The diodes nre normally conducting because a GO-volt supply Is applie~d

to opposite ends of the bridge. This causes the input and output points of the bridge to he con-

nected through the equivalent resistance of a single diode (- 2OO ohms). This resistance is small

compared with H . During the time that the "switch" is closed, the output voltage e °0 will In-

crease according to

co  : i dt )
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where e is the input voltage applied to the bridge. The switch will be opened when the flip-flop

shown in Fig. Z changes to a state that causes the S8ZG diodes to conduct. In this case the re-
sistance between the Input and output points is approximately 109 ohms. A 1000-ohm resistor

at the output of the bridge now effectively grounds the input to the Miller integrator, causing its
output e0 to remain constant.

Error voltages occur as a result of DC potentials or drifts. The three main sources of these

drifts are described in the following subsections.

1. DC Amplifier Drifts

The DC amplifiers are provided with balancing potentiometers, and these were normally

adjusted to cause o to change at a rate of less than I mv/sec when the input to the Integrator
is grounded and R is reduced to 10.000 ohms. Thus, in normal operation, the unbalance in the

DC amplifiers might be expected to cause a drift of 20.v/sec, or a total drift of not mort than
6mv in a 5-minute period of integration. This could be reduced by increasing RC, but then co

would decrease by the same amount and the signal-to-drift ratio would not be Improved,

2. DC Unbalance of the Bridge When Conducting

The 60-volt power supply which causes the bridge to conduct is "floating" with respect to

ground and, in the absence of a signal, the output of the bridge should be at ground potential,
However, if the forward voltage drop across each diode in the bridge is not the same, the input

and output potentials of the bridge will be different. Hence, if the input potential is at ground

(via the output impedance of an amplifier), the output potential cannot bo at ground, ant an error

signal will appear which will cause the integrator to drift. This problem was largely overcome
by matching the diodes into groups of four which all exhibit approximately the same forward

voltage drop, However, DC error voltages of the order of k Z m still remain. These (an be

neglected if the rms signal is very large. Unfortunately the peak signal Is limited to nbout
4 volts by the voltage applied by the flip-flop to the S8OX diodes. Hence, for a narrow-band

Gaussian noise input, an rms signal of < .5 volt Is the most that can be applied, and errors of

the order of approxinately 0.5 per cent can arise from the DC unhalances in the switches.

3. DC Unbalance of the Bridge When Nonconducting

When the gate is switched off, the potential at the output of the bridge may again differ from

ground because the back impedance of the diodes, though very large (- i09ohms), may be very
unequal. In particular, when the integrator is used to examine short-range intervals (say 0pse)

at a prf of 20cps, the switch spends 5000 times longer in the OPEN than in the CIOS) position;

hence, the DC offsets when OPEN must be correspondingly smaller to cause only about the same

drift. This is achieved by grounding the output of the bridge via a 1000-ohm resistor. A lower
value would be desirable, but the forward impedances of the bridges when conducting are not all

identical, and hence the signal is attenuated by different amounts. With the present arrangement

(1000-ohm resistors), this effect may introduce errors of the order of ±0.1 per cent. larger

,rrors than this couil not be tolerated.

The rms drift of the %t' integrators experienced in a 9-minute run is of the order of * 2 mv

and, in practice, the integrators drift in much the same fashion from run to run. The signal

voltage e is directly proportional to the width of the range gate. For the experiments reported

6



iere a iiu itho 0i was employed,.o hc was typically 60mv. Thus the

Ianplied an utatn h bevddit.teucranyin e 0 is reduced to appr'oximately

2per cet o ie aewdh h ro scorrespondingly reduced, and io approximately

The flip-flops shown in Fig. Z are connected to form a 36-stage shift-register delay line as

sonIn~ Fig. 3. This delay line is programmed to open and close the diode switches In sequence
frequal intervals of time, thus causing the Integrators to sumn the energy corresponding to dif-

feetrange intervals aogthe time base. The digital equipment shown In Fig. 3 also enables

fxdrates of range drift to be incorporated to match the motion of the echo along the time base
(caused chiefly by the rotation of the earth). Fine adjustment of the position of the echo relative
to that of the gitte is provided by thc delayed sweep contruls of an oscilloscope.

The output voltage. e0 art, sampled In turn by a stepping switch, and then measured by a
digital voltmeter. An electromechanical printer connected to tho voltmeter prints the value of
these voltages on a paper chart III the form of a list. The parameters of all the equipment are
summarized In Table 1.
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TABLE I
SUMMARY OF EQUIPMENT PARAMETERS

Frequency 8350 Maps

Antenna 60foot Paraboloid with Cassegrainian
Noed arrangement

Antenna gain *61 ;k Idb

Effective antenna aperture 1I0 + 10 mtr

Peak transmitted power 12 * 1/2 kw

Pulse length 300 paec

Pulse compression ratio 10l1

Over-all ystemn temperature25"0*
(when pointed at the moon) 25*2'

Receiver bandwidth -30 keps (i.e., matched to a 30-psoo
Pulle)

Over-all feeder losses 1. 5 * 0. 2 db

Video Integration Generally 16I to 20 db

77
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I. THE OBSBRVATIOCN AND THEIR REDUCTION

A. Introauction

Radio-echo observations of the moon are frequently made with the Camp Parks (Project
West Ford) radar system, and the only special feature about the observations reported here is
that the returns were integrated by using the equipment described in See. I-D. Observations
were made on 6- 9 and it September t961. For the most part, the tracking of the moon was per-
formed by the dtigtal control mystem, although on some occasions manual tracking was attempted.

REFLICTED

The object of the experiment was to determine the function P (t) which describes how the

echo power varies as a function of range delay measured from the lending edge of the mootn.

Because a given range delay t defines an annulus on the moon's surface, which is also defined
by the angle q between the ray path and the normal to the surface, the function Pit) can be trans-

formed Into a curve of reflected power vs the angle of incidence €. This function I'{(0), we shall

call the targfet angular power spectrum. If it is assu~med that the surface has the same kind of

materials and the same kind of roughness everywhere, then the target angular power spectrum
(0)ca|, be regarded as the polar diagram (for backieattering) of any element on the surface.

This is shown in Fig, 4 and the t,,ansformation from P(t) to Pie') is simply a property of a spher-
ical target which has been recognised by many workers (see Creen t 2 ), There are other methods
by which the target angular power spectrum P) may be dctcrmined, and these have been de-
scribed elsewhere 3a The most impressive demonstration of the simplicity of the method out-
lined above has been provided by the work of Pettngilus who used a wavelength of 65 cma.

B, Method

in view of the narrow antenna beam employed in the experiment, it is evident that the func-
tion P(t) observed when the antenna is directed at the center of the moon will be the convolution
of the true function for spt) (i.e., the one that would be observed with a wide beam) with the an-

tenna beam pattern As a conseuence of this, echoes could not be distinguished beyond a delay
of pmace measured from the leading edge of the moon, although the full radar depth of the moon
is s.6 msec. Thus observations were also taken with the antenna beam directed away from the
center of the moon, in order to observe echoes at greater ranges. The influence of the antenna
pattern is different for each position of the beam, and hence the reduction of each set of observa-

tions will be discussed separately.

of.a



Considerable effort was made to obtain a truly linear detector law. In theory a square-law

detector should have been employed, since the reqiiired runetioin P(t) is the avorage tr the sums

of the powers reflected from diflerent ranges, i.e.,

S + + + .. , ()

where i represents the It h sweep of the time base and t is the range of interest. Unfortunately

the dynamic range of the diode gate switches Is small (0 to 4 volts) and, because the rms signal

must be substantially larger than the unwanted DC offsets Introduced by the switches MSec, II-D),

a linear detector Is preferable to a square-law detector. Thus the voltages measured usi the con-

densers represent the average amplitude At) of the echoes (and noise),

A t + A +A + .. + (3)

The echo amplitudes are known to have a Rayleigh distributiont ,16 and hence the echoes at

any given delay resemble narrow-band Gaussian noise. It may be shown that, if such a signal

having a standard deviation a Mis applied to different detectors, the average output will be1 7

Half-wave linear detector X1 = 4/2 , (4)

Full-wave square-law detector P Zuo.z  ()

A full-wave linear detector was employed in these obseivations and transmitted twice as nuch

power as the half-wave detector. hlence we have

Full-wave linear detector A = % aa (6)

'rhu we see that A2 ItP/2 and that, by squaring the average amplitude observed, the mean

power nay be obtained. The factor sf/2 disappears in the analysis because only ratios of signal

and noise powers are employed, Next we must consider the effect of the presence of the noise

power, If the signal has (in the absence of noise) a standard deviation Cal and the noise (in the

absence of signal) is ON, the observed standard deviation at the output of a linear detector will

he proportional to + a I because the signal and noise powers add before detection. It followsN

that, by squaring the average amplitude observed for signal and noise and subtracting the mean

square amplitude of the noise alone, the mean echo power can be obtained. This procedure was

followed in the reduction of the data. In practice it was not necessary to repeat the integration

process with noise alone since there were always certain integrators which had summed only

noise, and these could he averagen tu determine aN"

The actual detector employed was linear for rms input voltages over the range I to 30mv,

i.e., over a range of ZS db. The peak signal-to-noise ratio was considerably in excess of this

and hence observations were made with different levels of the signal into the detector to over-

come this limited dynamic range. At high signal levels the gates closest to the peak of the echo

would saturate, and their readings were ignored in the subsequent analysis.

C. Observations of the Central Region

Many measurements were made while tracking the center of the moon. The pro( edure gen-

crally adopted consisted of adjusting counter C (Fig. ) to place the echo within the region covered

by the gates, and then adjusting counter 1) to cause the gates to track the echo in range. Small

10



additional adjustments could be made by using the delayed sweep controls of the oscilloscope,
Since ephemerides were not available to provide values for the rate of change in range, the ad-

justment of counter D could be accomplished only by trial and error. The basic timing of the
digital circuits shown In Fig. 3 is tO0 kepa; hence, the range tracking Is accomplished by a se-

ries of i0-goec "jumps." Accordingly the narrowest-range gate widths were employed only when

the rate of range change was near zero (ie., close to meridian transit). The motion of the moon

relative to the earth was very close to its minimum value on 8 September 1961, and hence two

10-minute runs were made - one before and one after meridian transit - to obtain the distribution

of echo power near the leading edge of the moon.* A similar pair of runs was made on It Sep-

tember, but on this occasion the antenna was steered manually (using a table of prediction po-
aitions) and the over-all tracking accuracy was inferior to that provided by the digital control

system. These two sets of data are shown in Fig. 5. It can be seen that the peak observed on

It September is distinctly more rounded than that observed on 8 September. This is attributed

to the less accurate positioning of the antenna on that day, and all data taken with the antenna

under manual control have been discarded. The convolution of the transmitter pulse (Fig. 6) with

a step function Is also shown in Fig. 5. It can be seen that the observed echo rises almost as

fast as the step function. In view of the fact that the leading edge of the moon probably ha' an
infinite impulse response resembling a step fullowed immediately by an exponential decay, good

agreement between tile two sets of points cannot be expected. Nevertheless the results indicate

that, to the accuracy of these measurements (- t 10tisec), the infinite impulse response of the

leading edge of the moon is indistinguishable fron a step.

The results shown for 8 September in Fig. , have been combined with other data ntained at

two different signal levels, and gate widths of 1001 sec in Fig. 7. No echoes can be seen beyond

4 lmetc fronm tle leading edge of tie moon. 'lIe maximum mean signal-to-noise ratio observed

at the leading edge of the echo is +26 dlb, and the signal-to-noise ratio is down to about +3 flb at
0 1 -macc range, The full-line curve of Fig. I has been drawn in by eye. The useful bandwidth

of the Project West Ford communications equipment, using the moon as a reflector, is deter-

muicd by the square of the Fourier cosine transform of this function.t

In ordr to correct the results shown in Fig. 7 for the effects of the antenna pattern, a con-

tour diagram of the radiation pattern was obtained from Mr. I., Niro of Group 315, and this is

shown in Fig, 8. Mr, Niro obtained this pittern by making measurements of the signals radiated

by a test trans nittr which was placed some distance (on Mount Diablo) from the antentna for this

purpochi. Such a transmitter provides a convenient stationarytargot of high signal intensity.

llowever, tile effects of ground reflections may be serious, and the pattern observed when the

antenna is close to 0' elevation may be considerably different from what it is at higher elevations,

because, of the changing gravitational load on the structure. Thus the pattern shown in Fig. 8 may

not repreetnt ! iv true pattern experienced in these observations, but so far radio-star observa-

tions have not been niade with sufficient precision to (heck Fig. 8 in great detail.

Ani "a',vagi,." polar diagtrai was f obtained from Fig. 8 in two ways. in the first method, polar

diagrams w're drawn forthe projections a-a'. b-b', c-c' and d-d'. These arce shown in Fig. 9(a-b).

* During a 10-minute interval before or after transit, the earth's motion will introduce a range change of the
order of 5 ,c.

The effective single-channel bandwidth of the Project West Ford Communications System is discussed in
Apper d; x A

1t



II

.4

Ingi

,4

°1~

.4

4Q

.1

0t0

*?1 IS LON or A rip
lW' pan M

Fig. 5. Echo power vs range delay measured a, 20-1pec Intervals on 8 and I I September
1961 (observations made at 3.6-cm wa'velength). Also shown Isathe convolution of a stop
function with the pulse respons,2 of the equipment (F19. 6).

' 0



too

'7

I

0 SO

100-

40

.100 .50 a so
MICfOSMConDA

Fig. 6. Yhe pulse response of the equipment. This diogran represents the output
of the receiver integrated over 10-psec delay Intervals, when the traninitter pulse
(suitably ottenuated) was Introduced Into the receiver.

13



Tnm

i mm WS ram

.1

.4

4

moto

,314

I~UB?1l

311 I l i i A i i I s _--w -enuma ---sug
oo Oin Ior eeiea

P~t L 4a lsrse

*144



b

2124 a

027

0I-

0.2-

0.3

013 0.2 -01 0 0.1 0.2 0.3

Fig, 8. The antenna contour diagram of the Camp Parks antenna, The intensity
contours In this diagram are In 3-db intervals and Indicate the manner In which
the transmitfter power Is distributed across the moans disk.

IsI



'--

III

t ..-

01
(a) For sections a-a' and d-d' shown In Fig. 8.

I--..41fI,- !

a V I

Fig, 9(o-b'). The directiona:l diagram for tie Camp Parks antenna.

16



In all cases the half-power bandwidth i close to its theoretical value of 0A49, but the behavior

of the patterns beyond thL* point differs considerably, An "average" pattern was next constructed
I by taking the mean of 11 the curves of Fig. 9(a-b). This is shown as the broken line of Fig. 10.

LThe alternative method was to measure the area (in square degrees) inside each of the intensity

contour lines of Fig. A by planimeter and to equate this to the area of an equivalent disk in order

to find the mean radius of the beam at this point. This method gave the full line of Fig. 10. The

two curves agree well out to 0.10 and then differ, because the first method underestimates the

importance of the large sidelobe below the main beam shown in Fig, 8. It was decided to adopt

the full-line curve (in view of some evidence presented later) but not to attempt corrections be-

yond a 0,I5 ° subtended angle. Because, in radar observations, the antenna pattern controls

both the transmission and reception of the energy, the correction factors are the square of those

shown in Fia. 10. The response curve finally adopted is shown in Fig. t t. This figure was then

transformed into a diagram of the antenna correction as a function of range delay (Fig, 12) by

means of a diagram which shows the mlf-angle subtended at the earth by annuli at different de-

lays on the moon (Fig. 13). As can be seen in Fig. 12, the antenna corrections become very large

(Z0db) at a delay of only ,rSasec. Hence the results (shown in Fig. 7) were corrected only out

to this value, The corrected points were expected to show a monotonic decrease in power as a

function of delay, and not increase, after a certain point as those shown in Fig. 7. It is presumed

that the antenna corrections for a delay greater than I macc (0.10* subtended angle) are unreliable

and hence the points beyond this value shown in Fig. 7 were subsequently ignored.
0

D. Observations at One Beamwidth Off-Center

The angle subtended by the lunar radius is approximately equal to two antenn beamwidths,

Measurements were therefore made with the antenna directed off-center by one beamwidth (0. 14).

Precise movement of the antenna relative to a median tracking path (provided by the digital con-

trol system) was permitted by means of manual controls. With the aid of these controls tile an-
tenna was directed 0.14* off in azimuth (right and left) and then in elevation (high and low), Five

minutes' integration was performed in all four positions, using 500-lisec-wide range gates, Some

of the positions were repeated to ensure consistent results. In all four positions of the antenna,

tile echo amplitude was reduced to a maximum mean amplitude of about +6 d1b, which occurred

at a delay of Zmsee, Thqse observations are shown in Figs, 14 and 15. Figure 14 shows that

the results for the two azimuth offset positions agree quite well over the 2.5- to 7-msec range,

but not in the 0- to Z.5-macc region, Thus it appears that this delay interval (0 to 2.S macc) is

illuminated largely by the sidelobes which are not symmetrical, Similarly the presence of the

marked elevation sidelobes (Fig. 8) can be recognized by the strong echoes over the 0- to Z.5-mscc

range in Fig. 15, as distinct from Fig. 14. It was on this evidence that the full line of Fig, 10 was

selected in preference to the broken one (Sec. lII-C). It is further believed that any differences

in the echo intensities observed in these four positions of the antenna are attributable to the asym-

metry of the radiatiun pattern, rather than to distinct differences in the scattering behavior of

the moon. Because of the absence of strong sidelobes along tile azimuth axis (Fig. 8), the data

presented in Fig. 15 were chosen for analysis. An antenna correction curve was obtained in the

following way. A diagram was prepared which showed the range delay contours of the moon to

scale (Fig. 16). A set of intensity contours representing the idealized two-way antenna pattern

(Fig. U,), was .tuperimposed on the range delay contours. The intensity along each arc of a given

delay contour is thus shown in Fig. 16, and the average intensit)salong a given contour is easily

17
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tour lines shown In Fig. 8 (full-line curve).
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Fig. 17. The correcton factor for the effect of the
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obtained by measuring the angle subtended by each arc at the center of the moon, weighting the

angles according to the Intensity contour in which they lie, and then summing, The antenna cor-
rection diagram obtained in this way in shown In Fig. 17 and the results of Fig. S4 when corrected

are shown In Fiji. 18.

E. Observations at One-and-a-Half Bearawidths Off-Center

When the beamn was displaced by about one-and-a-hair beamwidths, the axis of the beam was

directed toward the limb of the moon. It was hoped that such a displacement would enable echoes
tip to 11.6nmsec in range to be obtained. In the same manner as dvscribed in the preceding section,

observations were made in all four quadrants, but this time with a displacement or O.ZZo, Again
the data obtained for azimnuth displacements were chosen for analysis. Tlhese arc shown fin Fig. 19

where it can be seen that the maximum mean echo amplitude is now only '-0 db, Good agreement

between the two sets or points exists over the S- to 9.5-nisec range.
A new antennat correction diagram (Fig. 20) was prepared in thle manner outlined above, using

thle plane projection of the range and intensity contours alhown in Fig. 21, The corrected values

frt power as a function or delay are shown in Fig, 22,

IV, TOTAL REFLECTED POWER

The results rot, thle different time-delay intervals givent in Figs. 5, J8 and 27 have been corn-

billed Onl a log-power vsJ log -delay plot in F ig. 2 3, and a smooth curve dIrawn through thle points,

When this smlooth curve is replotted affainst a linear range-delay axis, Fig. 24 Is obtainedc. The

figurve also alhows thle runction fot, P(t) observed by l'ettengill iswith a wavelength of 08en nad

a pItlsi' length Or 65 pisec. IDspIte thle obvioua simrillarity between curves, it iH iniediately tap.

parent that tilt ',bright alpot" ait the (!tntet, of the moon is less bright at 3,6 thati t 68 cm.
I'ettvniiill reports that thle integrated power under the curve rot, P(t) obisevved ait 68vim yieldsN

a total cros i4 ection fotr the moon close, to 0,074tra2 , where ira its 1 the( cross section of thle pt'-

,Jc tvd i tsk, 'llhe value 0.074cm a is that obtained by Fric ker, VA a-I., ,9 from a series of eareful
mca5Ot'etinutm made with a CW tradar at a wavelength of 73 cm. It h4 also close to the nivan value

(0,08i1#a 2) or all thle long pulse or CW measuretments made in the wavelength range 1,0 metera
to 33 c t(Hef, 2),

We may therefore take Pettengill's nieasuretients as represe'ntaltive of thet meter waiveletngth

obisvi'vat ions in order to compare the results presented here, The relative performance of thle

two radar slyltetus is shiowt, it, rable 11 and a compatrison of the echo intensities Is giveni ill

Table Ill.

The' unicettaiitv ill thle over-all pcirformiance, of the Catmp Parks radar due to impe-rfec!t

know ledge of tilt, equ ipiitnt pacatn,'tvra is about Al 2 dh. There is a similar uncertainty fin the

performnance of tine Millstone Hill radar, and thus a comparison of their r'elative performances

isA subject to an1 uncvertainty of about * dbit. Thus Table 11 shows that the Camp Parka radar sys-

nIcul i,4;t 1 (1 In ore senitive' than the MIillsttone H ill system. D~espite this, the echo inten -

sit ies obiserved at S -nts,'t delay indicate that the ec hoes tit 68uin wvrv Zmdi, mti-ungem' thanm those

at it' cm (Trable 111), whereas the et-hoes from the leading edge of the moon differ by about 10dh.

bTi d Iiffe rence represents the change in brightness at the leading edge of the moon only approx -

inlitely, since the pulse lengths em~ployed in the, two experiments were not the same.
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TABLE II
COMPARISON OF MILLSTONE HILL
AND CAMP PARKS RADAR SYSTEMS

Camp Park, vs
Parameter Milstone Hi _m __ Millstone Hill

Peak transmitted power 2. 5Mw 120kw -13db
(effective)

Antenna gain 38 db 61 db + 23 db

Antenna aperture 250 m2  150 m 2  -2.3 db

Feeder losses 2 db 1.5 db + 0. 5 db

Noise temperature (T) 2450K 2250K -

Receiver bandwidth (b) a 35 kcps 35 keps

(kTb) (-130 dbm) (-130 dbm) -

Pulse length 65 Iec 30 isec -3. 0 db*

Sensitivity of Camp Park* vs Millstone Hill - +5.2 db

* True only where O(t) does not vary rapidly with time (t).

TABLE III
COMPARISON OF ECHO INTENSITY
AT 68- AND 3.6-CM WAVELENGTH

Camp Parks vs
Parameter Millstone Hill Camp Parks Ml !stono Hill

Signal-to-noise ratio
of specular' peak *31.3 db + 26.0 db - 5.3 db

Signal-to-noise ratio a
at 5-msec range +6.2 db +9.2 db +3.0 db

When the equipment performance (Table II) is considered, the following ratios
are obtained:
Specular' component at X - 68 cm to ) 3.6 cm - +10.5 dS,
Rough* component at ) = 68 cm to X 3.6 cm = 42.2 db.

The reasons for this classification are discussed later in the text.

£-7
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The echo power integrated under the curve of Fig. 23 yields a cross section of a O.02ffa.
The uncertainty In this measurement ts at least *50 per cent and is In e.onflict with the value ob-

served hy Kobrin at 3 cm, which this author believes should have been stated cr 0,09ra 2 with

an estimated error of *30 per cent (Ref. 2). However, Hughes to reports a valtie a 0.OZ1ta 2

(*50 per cent) at a wavelength of 10 cm, and workers at the Jet Propulsion Laboratory 0 report
a vluc~-O.O~w 2 (+100 per cent1) for a wavelength of 12. 5 cm, Therefore, it is possible thata vluea -0.0Zff (-50 per cent

the reflection coefficient of the lunar surface may be substantially lower at these centimeter

wavelengths than at meter wavelengths. Such a change could come about if the uppermost layer

of the surface were more porous than that some small distance (- Icm) below.

V. THE ANGULAR POWER SPECTRUM

Tho absolute level of the total echo power may be subject to unknown systematic errors.

However, the angular power spectrum P(qo) depends only on the shape of the 15(t) function, which

need not be similarly in error. Pettengill t has shown that his results may be interpreted as in-

dicating two distinctly different types of scatter on the surface, One collpolivilt (the "rough"

component) obeys the law

and is responsible for tho echoes observed at all range delays beyond about Z insue, When thits

comlpone4nt hins been removed, the remainder (termied the "specular" component) is found to obey

thle law

T10 ( expl-10.5 silnsI W~

TIhe results presenited In F'ig. 241 have been plotted against thle function log cos T In I'ig. 25,

It can be seen that, over the range W5 < w' < 90', thle law

fits these observations extremiely well. This law Indicates that thv limb region is uiiifurmly

bright, since thle projected area decreasus with range as coHV. If this "rough" coniponenit it;

subtracted from thle total power (Fig. Z4) we should expect, by analogy with 1-'ttengill 't and

Hfughes' results, to bei left with a specular component which Would fit some simple law of the form

Thie remainder has therefore been plotted against min (p in Fig. 26. It can he, so-on thrif the Amuic-
lion eXi)I- 7.1 sinpWj fits the results near the origin (S'0< wp < 1IV) but not elsewhere. A inearch

was therefore conducted for some other simple function which would fit the results. Of the mnany

empirical laws tried, only the function

caniv near to fitting the results over the whole range of angles (Fig.2Z7). The theoretical form

of thc angular power spectrum for reflectionis from a plane surface having a number of face~ts

oriented with a Giaussian~ distribution of angle-s to the normal has b-vn shown~ to he

V(1 'r ezja
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Accordingly the results were plotted for a vomparison with this theoretical law (Fig. 28). alid a
curve

cc18-ai'( t3

witb found to fit the results closely over the range 6* < V < 55% The theoretical curve P(ipl M
exp (-tan'2 0~/20 zI is also shown in Fig. 29, and to within the limits of the experimental error

probably fits the points almost as wyell, Thus the proposed angular power spectrum at 3.6-cm,

wavelength is

: P( P c1 xp1  F a nFo (14)

TIhe value o5f on obtained from Fig. 28 is 0,355 radian, or approximately 20.2'.

V1. ACCURACY OF THlE MEASUR~EMENTS

The difference between the two profiles for P(t) obtained at wavelengths of 68 and 3.6 cm

(Fig. 24) is quite significant. In order to test the validity of theme new measurements, ain attemipt

was made to repeat the mea0surementsl of Pettengill1 Lit 68cmn, using the analogue integration
eqluipinen. That is, the detector, video amplifier and integrator were moved from Camp Parks

to Mililstone lfill and measurements were madfe with thlt 4-10-Mepti radar equipment at at pulst,

length of 65 pove, The method of operating tOe Integrator equipment andi analyzing the, results

was precisely the same as for the 3 ,6-ci't measure1men143ltsl, except thalt no0 COrrectionsl f or tht- all-

totrii pattern were1t neessa ry becausev of thet Wvide beamil (2.11 employed ait this frequency. The

petiulta of this wor'k tire showil In Pig. 29 Which ila 41con'pusitc curvv for P~t) obtaiiwcl fl-oli 1aras1-

t1t'itietltt s us log 20-, 100- tond 500 -11ICr gate Widths,
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Fig. 29. Echo power as a function of range observed at
a wavelength of 68 cm on 10 November 1961, using the
Integrator equipment described In Soc. 11-D0 to obtain the -i
moan echo Intensity. Thisecyrve Is almost Identical with -s
that obtained by PettengiIl 5 (Fig. 24) except near the
peak. Because the sunpiing Intervi 2 s culd not be made OBAOFR64
sufficiently small, Pettongili was unable to resolve the - 1 RtLIweT"N als
peak fully and his curve rises I db less than that shown -24 1 T4ALGI
in the figure, -26
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In Pettengil's measurements the Integration process was performed by sampling the echo
amplitude and converting tho samples to digital numbers, These numbers were then summed
and stored in a computer. This particular system has a range resolution of only 400j&sec, and
Pettengill was obliged to "interlace" several curves taken when the moon was at slightly differ-
ent ranges in order to obtain a composite curve with sufficient resolution near the peak, The
analogue integrator, on the other hand, was used with a range resolution of 2Ot, see, Thus the
peak was better defined ih these new measurements, and rises t.3 db above the level observed
by Pettengill, Elsewhere the two curves (Figs. Z4 and 29) agree to within a few tenths of a dec-
ibel over the entire range of delays. It is concluded from this study that the integrator is in no
way responsible for the difference between the two curves in Fig. 24.

There are other possible sources of error. They include nonlinearity of the amplifiers in

the receiver, but checks were made which exclude this possibility. The results for the central
region are very susceptible to inaccuracies in the pointing of the antenna. The diWital electronic
control system maintained the commanded position within *0.014 ° (ie., *0.1 beamwldth) of the
center of the moon. However, there may have been boresight errors that displaced the true po-
sition of tle beam from the axis of the antenna which were substantially larger than this. The
agreement between the results obtained (Fign. t4, IS) with the antenna displaced from tile center
of the moon by equal amounts in different directions suggests that any such boresight errors
must be small (i.e., * *0.0Z°), However, the possibility that the boregight errors ave themselves
a function of the antenna elevation cannot be excluded as a small source of error in these meas-

urements.

VU. DISCUSSION OF THE RESULTS

Pettengill t Ihas shown that, at a 60-cm wavelength, the "rough" component arises from

scatterers which cover nine per cent of the surface, if it is assumed that both types of scatterer
are composed of the aume kind of material. In tile present results some 30 per cent of the total
power is returned by tile "rough" component. We can assume (as Pettengill has done) that the
"specular" component is isotropic, i.e., it does not scatter more favorably toward the radar
than in any other direction, Tie "rough" component, on the other hand, will not be isotropic
and will exhibit a gain g given by

g .fe 14 P(vo) oinv do1

f J13(iV 'o) sini sin V di do' dO

where P(ivO) describes how the power reflected from an element of surface varies with the angles
to and 0 which are specified in Fig. 30. P(o') is the special case where I = q and 0 = 0 and this
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io the only case that can be studied by means of radar measurements on the earth. Because the
complete function P(iq'O) cannot be measured (by earth-based radars alone), we cannot rigorously
determine g, the directivity, However, we may obtain an Insight into its value by computing g
for certain optical laws, For instance, .Lmbert's law stutes that

P(iW 0) co I Cos (16)

and has been shown 2 3 to yield a value g = .66. No simple function describes the photometric
law P(iqO) for the moon at optical wavelengths 81 ' his Is unfortunate, because the uniform bright.
nesa of the limit region observed tin these results suggests that the complete scattering law P(IVO)

may bev very sim ilar to that obeyed at optical wavelengths. The function

PUWpO) tz: (1oo1 + cogsa 0) (17)Cos I + COS q

provides anl approximate fit to the photometric observations of the moon's brightness 8and if thill
expression lrq (1?)] Is subatituted intu the equation for the gain g JEq. (15)], a value g ;-2.68 canl
be obtained by numerical Integration. Thus, if the assumption is made that this value is the up-
propriate onc to take far the gain of the rough component, tile fraction of thle Sul-face, which must
he covoredl by thin type of seatter, "an be determined and is 14 per cent.

Ilaye and Moore 7 have Shown that many kinds of terrain onl earth may be described by anl
autocorrolation functioi, which defines the correlation be 'ween thet heights of two points onl thle

suirrace as a function af their, horizontal distance dI apart of the formi

where ti is it characteristic stcale of the surface. They have further shlown2 4 that, thle angular
powerl spectrumn for such slurfaces (,an be obtained fl its rather comlplicatmd function of q) , the
angle of inc idence, A, the radio wOvVlngthl, It, tile charter(istic scalle and h1,In thll Htandard

(leViat ion of thlt height fluctuations (assim ing these to bie normally distributed), Tlhe function
cxp[.- 10.5 sin qI observed by Pettengill 15approxilmates to e'ip(-10O. pi for small ep, and

llayre~ 21claimls that this is4 a special case of' his general law for the angular power spectrum,
QuIite indfependently lDanivlti r)has stceedied in showing that a surface, which can be described by
all exponential autocorlrelat ion function, Would give Oise to anl angular power spectrum of thll form
obsierved by Pettongill Is anld liuglies. t Ila1yvi find Moore 7 speculate that the low exp1- d 1 /141
may field for sm1aller. height h1 alid distance d intervals than they werv able to oxam it. 1ievciunt
of the( finitte contour intervalls onl thitInim which these authors examined., structure fsize of the(

order of lessa than I em in height wam tnt includled. Thus, though their tatemnt Ymay be true
foll the earth, it seemis unlikely fin thle case of tile moon in view of the( photometric evidence,
which Indicates that the moon Is exceediingly rough over small height Intervals h and surface

distances d, Hence. near the origin, the correlation function p(d) probably no lo.nger har, an
,2xpofletiil f.-irm. The results piresented here indicate that the "specular" compo tent obeys thc
sclern !n%.- prvdicted by Ilagfors .and Spetner and Kniz. fnr a surfac ,. (;aisa

autocurrelation function

PHd) -expI d" 
1 1

(wherv d 0is the horizontal scale' of the undlAntions). Ahich gives rise to anm angular power
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wher ~ uh /din wich is the rmu height fluctuation. Thus the average surface gradientwhre4o ma nwihh
is fpand the value obtained In thesc experiments is approximiately one in three, This is con-
siderably steeper than the values inferred for longer wavelength measurementas'b6  which con-
ter arouid one in ton. It Is therefore concluded tluit, when surface structure on the moon of the
order of 0.5 cm Is examined, the surface is still largely smooth (only 14 per cent appears rough)
but that the average surface gradient is one in three and the autocorrelation function now resem-
bles a Gaussian function more closely than an exponential function.

At first sight it seems surprising that tho angular power spectrum P(o) can be the L4ame1 at 68
(Pettengill Is) and 10 cm (lI ughes t o , yet different at 3-cm wavelength. It must be borne in mind,
however, that the law P(Q') cc exp I- to (p wits observed by Hughes only over the range 3' < q) <~ 14,

Thus the 'range of angles common to Pettengill's atnd Hughes' measurements is I < 14*. Thie
measurements reported here have been shown (Fig. 26) to obey a similar exponential -sine law
(expr- 7 sin e' 1) over the range 6 ' < < ILSI but niot beyond. It would be expected that thle 10-cml
observations should show closer romemblance to the 3.6-cm, observations than to thodO af 68cm,
Hence Hughes might have found that P(ip) depparted from the law exp[- to 91 for antiles V 5 20'
approximately, had he been able to make measurements at the corresponding time delays. In
short, the oboervations at t0cm by H~ugh~es do not conflict with thle meatturemtento repotd here,
since they wero not made over the same lar-go range of angles of incidence q).

VIII. CONCLUSIONS

Pulsed-radar mieasuremlents at it wavelength of 3,6 cm have been used to dleterin n the bright -
niesti distribution over the surface of thle mioon. The angular, power spefctrum obtained fron this
work io

V - I [ _1 z t n I~ 71

'rhe second term closely resembles thle behavior of the moon at optical wavelengths, and it is
concluded that the scatterers responsible for this form of reflection are dlistributed over 14 per,
evit of the surface, The first term is attz 1buted to the sittoothci' port inns of thle surface (iLe..

smoother than approximately *0.5cm) which appear to be desceribed by a Gaussian spatial auto-
correlation function. Tlhese undiulations have an average gradient of one in three, which im ap-
proximately three timnes that obtained from observations at meter wavelengths.

The integrated reflected power yields a value for the radar cross section of the moon or

2 per cent of the physical cross section (ra 2). This is substantially lower than the average value
obtainvd at meter wavelength; (7 per cent), and the only previous measurement at 3 cm (9 per
cent). hlowever, two published measurements for wavelengths close to 10 ci also indicate .1
crose, section of .1 per cent. It is possible that all three low values result from undetected lussem

in the ra'lar equipments employed, or that the reflection coefficient is submtantially lower at
these short wavelengths. Thuis ticond possibility ('0131( well result fromi the presence of a thin
layer of dust overlying most parts of the surface. The existence of such a layer has frequently
been postulated to explain the radiometric temperature mecasurements of the lunar surface. F or
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communications purposes, the fact that the "specular" returns from the leading edge of the moon

11 are less prominent (approximately 10 db) at 3.6- than at 6S-cm wavelength is to be regretted.
However, at this frequency it is not difficult to limit the over-all range broadening by employ-

ing parabolic antennas of conventional size. In Appendix A, it is shown that the bandwidth of
the Project West Fnrd system (60-foot antennas), using the moon an a reflector, is about *I keps.

This is substantially the same as is observed at meter wavelengths.
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APPENDIX A
THE BANbDWIDTH OF THE PROJECT WEST FORD COMMUNICATIONS SYSTEM

WITH THE MOON AS A REFLECTOR

The concept of bandwidth for a time-varying network such as that provided by a moon-

reflection communication circuit is somewhat different from that employed to describe a passive

itnear electrical filter, In the case of the moon, the total reflected power io not markedly fre-

quency dependent, I.e., the transfer function is essentially flat over a wide frequency range.

Thus the transfer function itself does not describe the useful bandwidth of a radio commnunica-

tions system which uses the mioon as a reflector. A discussion of thle definition of the system

bandwidth, together with measurements of the "bandwidth" by different methods. has been given

in two earlier reports. 61 Here it need only be Said that the most useful definition appears to

be provided by the cross -correlation function y(Af) which describes thle correlation between the

amplitudes of two radio waves at frequencies f I and f, (where f, - fZ = Af), That is, two radio

waves simultaneously reflected by thle moon will fade, and if their frequency separation Af is

increased to the point where the correlation between their amplitudes has fallen to le, then Af

Is the effective bandwidth. It has also been Shown that the function y(Af) is the Square of tile

Vole, Vr'sle 9 enasfAoei of thlt Infinite 11Impulse it'('nn P~t). 18 )lenre the litiortreetegl full -

line curve for P(t) given in Fig. 7 defines the bandwidth of the communicationsi systemi (for a

Single channel) which can be employed by thle Project WVest Ford equipment,

Ani approximate estimate of what this is canl be obtained a" follows; A function P(t) w1ta
explVail call be made to fit thle results of Fig. 7 quite well over the range 0 < I < 1.0nmee, if

it = s7 , rhus y(Af) which it, tile Square of thle Fourier cos Int trans11forml of this, Is given by

7(4f) ei Constant I- - 2 , (A i)

If thle constant is choseni to inorillaliz.. Y(4f) I for Af 0, then

It follows that the usmefull single-chaninel bandwidth of the iystvim is apipr'oximaltely * I keps.

lids IN suimt-aitially thll- Samle as that found by Ingnlls, et -0, at it wavelength of 73 um, and

dvie-olstratcs tha~t , although the spcu~lati reflections art, less pred~omn~antI over thle diffuse corn -

Polatt [it 1.0 thanl at (IF cil. for c on llunicat ions purposes this can bev offset by narrow antpnnia

heatuiw nthn.
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